We report the formation of cubic phase, under ambient conditions, in thin films of Zirconia synthesized by electron beam evaporation technique. The stabilization of the cubic phase was achieved without the use of chemical stabilizers and/or concurrent ion beam bombardment. Films of two different thickness (660 nm, 140 nm) were deposited. The 660 nm and 140 nm films were found to be stoichiometric (ZrO2) and off-stoichiometric (ZrO1.7) respectively by Resonant Rutherford back-scattering spectroscopy. While the 660 nm as-deposited films were in the cubic phase, as indicated by X-ray diffraction and Raman spectroscopy measurements, the 140 nm asdeposited films were amorphous and the transformation to cubic phase was obtained after thermal annealing. Extended X-ray absorption fine structure measurements revealed the existence of Oxygen vacancies in the local structure surrounding Zirconium for all films. However, the amount of these Oxygen vacancies was found to be significantly higher for the amorphous films as compared to the films in the cubic phase (both 660 nm as-deposited and 140 nm annealed films).
Introduction
The oxide ceramic zirconium oxide (ZrO2), commonly referred to zirconia, exists in the monoclinic phase (P21/c space-group) at room temperature. It reversibly gets transformed into the tetragonal phase (P42/nmc space-group) and cubic phase (cubic fluorite, Fm3m space group) at ~ 1170ºC and ~ 2370ºC respectively [1] . Zirconia, in its cubic and tetragonal form, has attracted immense attention as a key engineering material because of its excellent mechanical, thermal and optical properties. It possesses high hardness as comparable to that of steel and other alloys [2] , exceptional radiation tolerance [3, 4] , low thermal conductivity, highest dielectric constant amongst metallic oxides [5] , low light absorption and high refractive index [6] . In view of this, zirconia has been used for a wide variety of applications ranging from thermal barrier and wear resistance coatings [7, 8] , protective layer for optical mirrors and filters [6] , high temperature solid oxide fuel cells [9, 10] to oxygen sensors [9] , catalyst support [11] etc. It is also a promising candidate for use as the inert material matrix in inert matrix fuels (IMFs) in nuclear reactors [4, 12] and as a high-K gate dielectric in metal-oxide semiconductor devices [13] . However, since zirconia is not inherently stable in the cubic phase at room temperature, the application of zirconia crucially depends on the stabilization of the cubic phase at room temperature. This is generally achieved by the addition of lower valence stabilizer oxides, such as Y2O3, MgO etc., which creates oxygen vacancies (in the zirconia structure) to energetically favor the cubic phase [14] [15] [16] . Using this method, cubic zirconia is normally obtained by the addition of 8 to 20 mol% of these stabilizer oxides [14, 15] . However, the properties of such 'stabilized' zirconia deteriorate because of the presence of such large quantities of stabilizing oxides (viz. chemical stabilizers) [17] . The latter is detrimental for practical applications [16] . It is therefore desirable to stabilize the cubic phase at room temperature without the use of any chemical stabilizers.
It is now well-known that the phase stability of materials under ambient conditions can be controlled via the 'nanosize' effect [16] -it's been illustrated for various materials that the decrease in the crystallite size leads to the formation of metastable crystal structures/phases that are only possible for their bulk counterparts under high temperature and pressure [18, 19] . However, it remains a challenge to synthesize and maintain the high temperature and pressure polymorphs of materials, at ambient conditions, with crystallite sizes greater than the critical sizes as a result of the 'nanosize' effect alone.
In the recent past, ion beam assisted deposition (IBAD) has been used for synthesizing zirconia thin films that are stable in the cubic phase (without the presence of any chemical stabilizers) at room temperature, with an average crystallite size of ~ 8 -10 nm [15, 16, 20] . The IBAD process combines evaporation with simultaneous ion beam bombardment and the crystallinity, vacancy formation, morphology, density etc. of the prepared films can be modulated by controlling the ion bombardment [15] . Wang et al. [16] reported cubic ZrO2 films (at room temperature) synthesized by IBAD, using the ion beam of nitrogen and argon mixture at an energy of 500 eV, and the stabilization of cubic phase was attributed to the implanted nitrogen. On the other hand, Soo et al. [20] attributed oxygen vacancies to be responsible for stabilization of the cubic phase at room temperature in zirconia films prepared by IBAD, with the same ion species and energy. It is, therefore, worth mentioning two important points here from these previous studies: (i) the presence of implanted nitrogen in the films (in Ref. [20] ) and (ii) the implanted nitrogen may also play a role (along with the oxygen vacancies) in the stabilization of the cubic phase.
Therefore, in these IBAD prepared cubic zirconia films, it is important to note that even though the films were prepared without any chemical stabilizers, they were still not completely 'pure' due to the presence of the implanted nitrogen (viz. 'dopants'). The formation of the cubic phase at room temperature in stabilizer free zirconia films prepared by spin-coating (followed by thermal annealing) has also been reported [21] .
In this article, we report, presumably for the first time, pure (i.e. without any chemical stabilizers and/or dopants) nano-crystalline zirconia thin films synthesized by standard electron-beam assisted thermal evaporation technique. The films were found to be in the cubic phase at room temperature and pressure (i.e. under ambient conditions) with an average crystallite size of ~ 10 nm. Note that the formation of cubic phase has been achieved without any 'external perturbations', i.e., (i) the use of chemical stabilizers, (ii) concurrent ion beam bombardment, (iii) thermal annealing or any other post deposition treatments, that can drive the system towards the cubic phase (whether it be stable or metastable). It's to mention here that the crystallite size in the films is greater than the reported critical size (~ 2 nm) [22] for cubic phase stabilization (via the 'nanosize' effect) in stabilizer free zirconia. Thus, the 'nanosize' effect alone does not seem to be a probable explanation for the cubic phase stabilization in the present case. The stabilization of the cubic phase at ambient conditions is primarily attributed to the hardening of the soft X2 -mode of vibration caused by the presence of oxygen vacancies. A critical amount of oxygen vacancies may however be required for the phase stabilization. From an application point of view, the formation of cubic phase in these films is quite encouraging due to the costeffectiveness and simplicity of electron-beam evaporation as compared to IBAD. It is to be noted that the formation of cubic phase (at room temperature) has also been reported for pure nano-crystalline zirconia powders prepared by the inexpensive high energy ballmilling technique [23] . However firstly, it is difficult to produce adherent and uniform coating/layers/films (for various practical applications) using powders and secondly, the cubic phase nano-crystallites/domains of ~ 2 -3 nm size in these powders [23] are significantly lower than the average crystallite size of the reported films in this work. annealed films (of lower thickness) and as-deposited films of higher thickness are hereafter referred to as S1, S2 and S3 respectively.
Characterization
Resonant Rutherford backscattering spectrometry (RRBS) with a 3.05 MeV He 2+ beam is used to determine the thickness, composition and stoichiometry of the zirconia thin films. The
16
O(α, α) 16 O reaction with a resonance energy of 3.042 MeV is chosen to measure the oxygen concentration in the samples since the scattering cross-section is significantly enhanced in case of resonance reactions [24] . A silicon surface barrier detector set at an angle of 165º from the incident beam direction is used to detect the backscattered alpha particles. The thickness and composition of the thin films is obtained from the simulation of the experimental RRBS data using RUMP [25] [26] [27] software. Energy dispersive X-ray spectroscopy (EDX) has also been performed to determine the elemental compositions of the films.
The phase identity and crystalline structure of the films is investigated by Xray diffraction (XRD) and Raman spectroscopy. XRD measurements are carried out with CuKα radiation (λ = 1.5406 Å) in standard 2θ geometry, with the incidence angle fixed at 1º, using a Philips X'Pert Pro diffractometer. The average crystallite sizes are estimated from the XRD data, after correcting for instrumental broadening, using the Scherrer equation with a shape factor of 0.9. The Raman spectra are recorded using a Raman confocal microscope (Horiba LabRAM HR Evolution) with an Argon ion laser (λ = 514 nm) used as the excitation source.
Extended X-ray Absorption Fine Structure (EXAFS) is used to probe the local structural order/environment in the films. The EXAFS measurements are carried out at the zirconium (Zr) K-edge in conventional fluorescence mode (using a Vortex detector) at the Scanning EXAFS beamline (BL-9) of the Indus-2 Synchrotron
Source at the Raja Ramanna Centre for Advanced Technology (RRCAT), India. The energy range is calibrated using zirconium metal foils. The EXAFS data is analyzed using FEFF 6.0 code [28] , which includes background reduction and Fourier transform to derive the (R) versus R spectra from the absorption spectra (using ATHENA software), generation of the theoretical XAFS spectra starting from an assumed crystallographic structure and finally fitting of experimental data with the theoretical spectra using ARTEMIS software [29] .
Theoretical methodology
Spin-polarized density functional theory (DFT) calculations are performed, by using Vienna ab-initio Simulation Package (VASP) [30] with projected augmented wave (PAW) [31] potential. The Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [32] within generalized gradient approximation (GGA) is used in all the calculations. The cut-off energy of 600eV is chosen for the plane wave basis set. The tolerance energy for the convergence is set to 0.01 meV to achieve the self-consistency in total energy. All the electronic configurations are fully relaxed until the ionic forces were smaller than 0.001 eV/Å using conjugate gradient minimization. The supercell size is kept 25 Å to prevent the interaction between the adjacent periodic images of the nanocluster. Further, we have employed ab initio atomistic thermodynamics to identify thermodynamically the most favorable configuration/structure at ambient conditions (T=300K, po = 1atm) [33] [34] [35] [36] . The size of the nanocluster (used in our simulations) is taken considering the thickness of the films as in our experiment. In the simulations, to mimic the S2 film, we have modeled the spherical nanocluster of 46 atoms (Zr14O32), from bulk cubic zirconia, whereas the nanocluster of 131 atoms (Zr43O88) has been constructed to correspond the S3 film.
Results
The RRBS data of S1, S2 and S3 films are shown in Figure 1 . The thickness and composition of the films obtained by fitting the experimental RRBS data are summarized in Table 1 . It can be seen that the S3 film, being significantly thicker than S1 and S2 films, is also stoichiometric (O/Zr ratio = 2), whereas the S1 and S2 films are oxygen deficient and hence non-stoichiometric (O/Zr ratio = 1.7). On annealing the thinner films, the thickness, composition and stoichiometry remained unchanged. Moreover, RRBS signal corresponding to any element other than zirconium and oxygen is not observed. This is a validation to rule out the presence of any impurity in these films. EDX measurement also reveals the presence of only zirconium and oxygen in these films (not shown here). therefore, difficult (especially with the broadening of the peaks due to the nano-crystalline structures) to identify if the XRD pattern corresponds to a tetragonal or a cubic phase of zirconia. But, the region around the (400) diffraction maxima occurring at ~ 2θ = 74º is a signature peak to distinguish these two phases. Note that in case of the tetragonal phase [37, 38] , the (400) peak of cubic zirconia splits into the two characteristic (004) and (400) peaks. The separation of the (004) and (400) peaks of the tetragonal phase is usually more than 1º [38] and thus provide evidence to identify if the phase is either cubic or tetragonal even in nano-crystalline zirconia. In our case, we find in the XRD spectrum of S3 (see previous reports [15, 16] where, the co-existence of different zirconia phases was observed.
Unlike S3, the S1 film is found to be amorphous (see Figure 2 ). Crystalline phase is obtained after thermal annealing (see S2 film, Figure 2 ). This phase is again verified to be the cubic phase of zirconia (i.e. absence of (112) peak and appearance of a single (400) peak in addition to the characteristic cubic (111), (200), (220), (311) peaks). The average crystallite size in S2 and S3 films are calculated to be ~ 13 nm and ~ 10 nm respectively.
In agreement with the XRD results, Raman spectroscopy has also indicated the formation of only the cubic phase in the S3 film. The Raman spectra of S3 is shown in Figure 2 -the characteristic cubic phase peak at ~ 615 cm -1 (X5 -mode) [16, 39] XRD patterns of S1, S2 and S3 films; Raman spectra of S3 film. In the XRD patterns of S1 and S2 films, the peak marked by * corresponds to Silicon substrate. The arrow in the Raman spectra shows the cubic phase X5 -band (which is also shown in the inset).
EXAFS measurements are then employed to probe the local structural environment and to understand the origin of the cubic phase in the films (S3, S2). The Fourier transform of experimental EXAFS functions (k 2 (k)) is used to generate the (R) versus R spectra where (k) has been obtained from energy dependent absorption function (E) using the
, where m is the mass of electron, E0 is the absorption edge energy and ℏ is the Planck's constant. The k-range of 3 -8.5 Å -1 is used for the Fourier transform. Figure 3 shows the best fit of the magnitude and real component of the Fourier transform of Zr K-edge EXAFS function; the fitting is performed using cubic zirconia structure in the R-space range of 1 -3.6 Å. The local structural parameters, i.e. coordination numbers, bond distances and Debye-Waller (DW) factor, as determined by these fittings are listed in Table 2 . In bulk cubic zirconia, zirconium has 8 nearest neighboring oxygen atoms at a mean distance of 2.204 Å followed by 12 zirconium next nearest neighbor atoms at a mean distance of 3.599 Å [20] . It is immediately apparent that the S3 film, which exhibits long film. This is because some oxygen atoms may be located at nano-crystalline boundaries, interstitials, film surface etc., instead of their usual lattice sites, and are hence not observed by the short range order EXAFS technique. On the other hand, even these disorderly located oxygen atoms could be detected by RRBS leading to the measured stoichiometry.
The disorderly located oxygen atoms leave behind vacancies in their respective lattice positions which are detected by EXAFS.
Analogous to the S3 film, the S1 and S2 films also show notable deviation (lower first shell coordination number and longer bond length) from bulk cubic local structure.
Interestingly, the first shell (Zr-O) coordination number, and hence the oxygen vacancies, is similar for S2 and S3; while the first shell coordination number is significantly lower for the S1 film i.e. more oxygen vacancies are present in S1. These results positively correlate the amorphous nature of S1 film as opposed to the formation of the cubic phase in S3 and S2 films thus suggesting the role/influence of oxygen vacancies in the cubic phase stabilization mechanism. Note that the DW factor (for the first coordination shell) is also higher for S1, as compared to S3 and S2, thus indicating it as of amorphous nature. films. Next, to determine the most stable phases, we have drawn the thermodynamic phase diagram by minimizing Gibbs free energy of formation (ΔGf) of all the configurations using the ab initio atomistic thermodynamics approach [34, 40] . Note that since the electronic charge can significantly stabilize the oxygen vacancy site, we have considered oxygen vacancy with different charge states (0, -1, -2). The formation energy (Gibbs free energy) of a particular configuration is calculated with respect to different charges (q) using the formula
Sample CNZr-O RZr-O (Å) σ 2 Zr-O (Å
where, Etot (ZrxOy-n) q and Etot (ZrxOy) 0 are the total energies of the nanocluster with oxygen vacancies in charge state q and neutral pristine nanostructure respectively; n is the number of oxygen vacancies in the clusters; µo (= Δµo + (2) where m is the mass, ℳ is the spin multiplicity, νOO is the O-O stretching frequency, and σ is the symmetry number. µe is the chemical potential of the electron referenced to the highest occupied molecular orbital (HOMO) of pristine nanostructure. The maximum limit of µe is considered to be the band gap value (~ 5.8 eV) [41] [42] [43] of zirconia. Equation (1) allows to directly plot the Gibbs free energy of formation for each configuration as a function of the chemical potential of the electron (µe) at finite temperature and pressure (T=300K, O 2 = 1atm, Δµo = -0.27 eV), as shown in Figure 5 . This yields a plane in the phase diagram corresponding to each charged state, and at any µe, the configuration with the lowest lying plane in the phase diagram is the most stable one. From Figure 5 we can see that, irrespective of the size of the cluster, the configuration with neutral O-vacancies (red colored line) is more stable as compared to its pristine structure (dotted black line). Furthermore, by including the charged configurations in the phase diagram, we have noted that in both the cases the negatively charged state (q = -2) exhibits the lowest Gibbs free energy of formation near the lowest unoccupied molecular orbital (LUMO) level around the ambient condition of oxygen gas.
In Figure 5a , with p-type doped condition (i.e. µe close to the HOMO level) oxygen vacancies with -1 charge is the most stable. For other values of µe (i.e. intrinsic/n-type doped) oxygen vacancies with -2 charge is the most favorable state in the phase diagram.
From Figure 5b , we see that neutral oxygen vacancies is the most stable configuration for p-type doping whereas at higher values of µe (i.e. close the LUMO level (n-type doping)) oxygen vacancies with -2 charge is the most preferable phase in the phase diagram. Note that oxygen requires two electrons to complete its valence shell. When oxygen vacancy is created, it creates deep donor level where μe usually takes a value near LUMO level (i.e.
n-type doping condition). Therefore, in our system, oxygen vacancy is expected to trap electrons to get stabilized. Neutral oxygen vacancy may not be thus found in the system. We, therefore, observe that cubic zirconia with oxygen vacancies is more stable as compared to its pristine structure under ambient conditions. In view of this, we can state that oxygen vacancy in the films is promoting the enhanced stability of the cubic phase.
Discussion
The formation of cubic phase (under ambient conditions) in the zirconia films without the use of any chemical stabilizers and/or dopants can be attributed to a combination of two mechanisms: first, the 'nanosize' effect and secondly, the presence of oxygen vacancies. The control of the crystallite/grain size has proved to be an efficient way to control the phase stability of nano-materials under ambient conditions. According to the Young-Laplace equation [15, 16] , the excess pressure p inside a crystallite is given by p = 2γ/r, where γ and r are the surface energy and radius of the crystallite respectively. A decrease in the crystallite size thus leads to an increase in their internal pressure and hence favors the stability of phases which would only be stable at high pressure. In general, cubic zirconia is stable at high pressure. Therefore, for the S3 film, in the initial nucleation stages, the zirconia crystallizes in the cubic phase due to the highly compressive internal pressure inside the small crystallites. However, as the cubic crystallites grew larger (as the deposition continued) there would be a decrease in the internal grain/crystallite pressure.
Under ambient conditions and in the absence of any chemical stabilizers or dopants, this should have resulted in the transformation of the cubic phase to the more thermodynamically favorable tetragonal or monoclinic phase via the tetragonal distortion of the oxygen sub-lattice (soft X2 -mode of vibration). In-fact, the critical size for the phase transition from cubic to tetragonal phase, in stabilizer free zirconia, has been found to be ~ 2 nm [22] . Moreover, it has also been reported that the critical size for 100% tetragonal phase stabilization in nano-crystalline zirconia is ~ 6 nm above which zirconia nanocrystallites exist in a core-shell structure with the tetragonal phase as the core and the monoclinic phase as the shell [44] . The crystallite size in our ZrO2 films (S3) is greater than both of these reported critical sizes; however, as discussed in the previous section, formation of only the cubic phase was observed in the films. Thus, the 'nanosize' effect alone cannot explain the formation and stability of the cubic phase, at ambient conditions, for the S3 films. can be understood from the perspective of phonon dispersion [16] . A vital difference in the phonon dispersion of the cubic and tetragonal phases is the presence of imaginary frequencies around the X high symmetry point [16, 45, 46] of the cubic phase which indicates its instability. The minimum at the X point is called the X2 -mode (that connects the cubic to tetragonal phase transition) [16, 47] . It is therefore essential to eliminate the imaginary vibration frequencies caused by the oxygen atoms to stabilize the cubic phase (i.e. prevent it from going to the tetragonal phase). Mediated by the oxygen vacancies, the movement of the oxygen atoms is hindered and the soft X2 -vibration mode is suppressed/destroyed. Thus, the initial cubic ZrO2 nano-crystallites can remain in the cubic phase while growing larger (than the critical 2 nm size) under ambient conditions. Therefore, oxygen vacancies (and the resulting structural distortions) play the key role in stabilizing the cubic phase, without any chemical stabilizers or dopants, under ambient conditions.
The role of oxygen vacancies in stabilizing the cubic phase is also supported, from the point of view of energetics of formation, by our first-principles modelling results which show that, under ambient conditions, cubic zirconia with oxygen vacancies is more stable as compared to its pristine counterpart.
The amorphous nature of the S1 film in-spite of the presence of oxygen vacancies is then quite surprising. Based on the fact that the oxygen co-ordination number for the S1
film is lower as compared to the S3 film, one possible explanation for the amorphous nature of S1 might be that the number of oxygen atoms (in the unit cell) has not reached the threshold value required for crystalline phase formation. In other words, the amount of oxygen vacancies is so high that an overall stable crystalline ordering cannot be formed and the material remains in amorphous (highly disordered) state. The DW factor, which indicates local disorder, is indeed higher for S1 compared to S3 for the Zr-O bond. Thus, for the S1 film, it can be assumed that in the initial stages of the nucleation process, the cubic phase was formed because of the 'nano-size' effect. However, as the final deposition time is much smaller (lower thickness), the amount of oxygen vacancies remains higher in comparison to S3 and the film goes into the amorphous phase. In other words, the S1 film did not get enough time to reach a value of oxygen vacancies required to stabilize the cubic phase. Upon annealing of this film, the required atomic sites are filled with oxygen which eventually leads to a cubic phase (S2 film). As mentioned before, the first shell (Zr-O) coordination number, and hence the oxygen vacancies, is similar for S2 and S3 films. It is to be noted here that although the oxygen (first shell) co-ordination number increases upon annealing, the overall stoichiometry (as determined by RRBS) does not change. This suggests that oxygen atoms have relocated to lattice sites from grain (crystalline)
boundaries, inter-granular regions, surface etc. and external oxygen has not been incorporated into the film during annealing.
A critical amount of oxygen vacancies may thus be required in the formation and stabilization of the cubic phase (under ambient conditions) and would be an interesting point to investigate in future studies.
Conclusions
In conclusion, we have synthesized zirconia films using electron beam evaporation technique that are stable in the cubic phase under ambient conditions without the presence of any chemical stabilizers and/or 'dopants'. Cubic phase was obtained in the as-deposited thicker films (660 nm) and annealed thinner films (140 nm). EXAFS measurements reveal that both of the films have similar amount of oxygen vacancies. Our theoretical analysis
show that the cubic structures with oxygen vacancies are more stable than its pristine counterpart (under ambient conditions). These oxygen vacancies are also found to be charged vacancies. The cubic phase stabilization is attributed to these oxygen vacancies that results in the breaking of the O-Zr bond. The latter hinders/suppresses the movement of the oxygen atoms in the soft X2 -mode of vibration. Due to the suppression of this mode, the cubic phase gets stabilized. Finally, these nano-crystalline cubic zirconia films possess favorable physical properties compared to chemically stabilized cubic zirconia and thus have potential for various technological applications.
